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Materials and Methods

MSH2-knock out in B16F10 and CT26 cells.

pSpCas9n(BB)-2A-GFP (PX461) was a gift from F. Zhang (Addgene plasmid #48140) (21).
Guide RNA sequences (5’-CGGTGCGCCTCTTCGACCGC-3) and (5°-
GCACGGAGAGGACGCGCTGC-3’) targeting mouse Msh2 exon 1 were cloned into PX461
plasmid and co-transfected into mouse melanoma B16F10 and CT26 mouse colon carcinoma
cells using GenJet™ (SignaGen®) In Vitro DNA Transfection Reagent following the
manufacturer’s protocol. 48 hours following transfection, GFP* cells were seeded at one cell per
96-well by the Flow Cytometry Core Facility (FCCF) at Memorial Sloan Kettering Cancer
Center. Cells were grown in RPMI supplemented with 10% FBS. Single cell clones were
expanded and depletion of MSH2 was confirmed by immunoblotting (anti-MSH2 monoclonal
antibody (FE11), Invitrogen Antibodies), and PCR cloning and sequencing of the edited genomic
region (PCR cloning kit, NEB), with additional verification using high-throughput sequencing.
Confirmed Msh2” single cell clones were expanded and used for serial passaging and
downstream in vivo studies further described below. Single subclones were used in both cell
lines across comparator arms in order to make sequencing and growth Kinetic data directly

comparable across arms within a single experiment.

Accumulation of microsatellite instability and mutations in B16F10/CT26 cells.

Control and Msh2-deficient B16F10/CT26 cell lines were serially passaged for continuous
lengths of time under standard tissue culture conditions. The cellular doubling time was
approximated to be roughly 15 hours, facilitating timely mutational generation in the polyploid

tested lines. Cells from 1 month (“MSI-intermediate”) and 4 months (“MSI-high”) were frozen



under standard cell-specific freezing conditions with heat inactivated FBS + 10% DMSO
cryoprotectant. Cells (pools of daughter cells derived from a single subclone) were collected at
defined time points and underwent whole-exome sequencing (WES, 150x mean coverage; 650X,
mean coverage for the B16F10 immunoediting analyses) at the Integrative Genomics Operation
(1GO) at Memorial Sloan Kettering Cancer Center. WES reads were aligned to the mm19
reference mouse genome and mutations in coding genes were identified (against normal splenic
DNA from their respective syngeneic hosts, C57BL/6 (B16F10), BALB/c (CT26)) by a
genomics mutation pipeline using 4 independent mutational callers: MuTect 1.1.4, Strelka 2.7.1,
SomaticSniper 1.0.4, and Varscan 2.3.7 (22, 23). Tumor and variant coverage required at least
10 and 7 reads respectively to call a variant, and the variant could not be present in the germline.
Tumor mutation load was determined as the number of non-synonymous mutations in the exome.
Insertions and deletions were determined using Varscan and Strelka with default settings. Only
indels called by both callers were included. SNVs with an allele read count of less than 4 or with
corresponding normal coverage of less than 10 reads were filtered out (Fig. S4). Neoantigen
prediction calling was performed and based on MHC-binding prediction-(NetMHCpan 4.0,
http://lwww.cbs.dtu.dk/services/NetMHCpan/). Sequencing files have been deposited into
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) and can be found under the
following accession numbers: SAMN09941220, SAMNO09941221, SAMNQ09941222,
SAMNO09941223, SAMNO09941224, SAMNO09941225, SAMNO09941226, SAMN09941227,
SAMNO09941228, SAMNO09941229, SAMNO09941230, SAMNO09941231, SAMNO09941232, and

SAMNO09941233.



In vivo analysis of anti-PD-1 efficacy.

All cells lines were tested and confirmed negative for mycoplasma infection prior to the murine
experiments. Cells at both timepoints were thawed, expanded, and injected into separate mice
simultaneously in the same experiment to prevent any batch effects. 1 x 10° B16F10 or 1.5 x 10°
CT26 cells in 100 pl of PBS were injected into the left flanks of 6-week old female C57BL/6
(B16F10) or BALB/c (CT26) mice (Jackson Laboratories). Mice with clinically palpable tumors
(2 mm in diameter) were randomized into isotype control IgG antibody or anti-mPD-1 treatment
groups (~10 days post-injection). 1gG or anti-mPD-1 antibodies (6 mg/kg) were administered

intraperitoneally in 100 pl of PBS every 3-4 days. Tumor volumes were measured twice weekly

(Length) x (Width)?

and calculated by the formula: >

. A separate experimental replicate was

performed to ensure reproducibility of the tumor growth kinetic phenotype observed in MSI-high
tumor lines. Additionally, a separate, independent single cell clone was selected in the CT26 line
and was subjected to serially passaging, whole exome sequencing (150x), and tumor growth
kinetic analysis on the MSI-intermediate and MSI-high cell lines and confirmed the same tumor

growth therapeutic phenotype.

Multiplex immunofluorescence staining of tumor tissue.

Mice were euthanized by carbon dioxide and the flank tumors were resected at 24 days post-tumor
injection. Tumors were fixed in 4% paraformaldehyde in PBS overnight at 4°C, and then placed
in 70% ethanol at 4°C. Tissue was embedded in paraffin, sectioned, and stained by the Molecular
Cytology Core Facility (MCCF) at Memorial Sloan Kettering Cancer Center. DAPI and antibodies

against CD3, CD8, PD-1 were provided from MCCF at MSKCC and used according to previously



validated, standard concentrations. Slides were scanned by fluorescence Mirax Scanner through

the MCCF at MSKCC.

Flow cytometry analysis.

Mice were euthanized by carbon dioxide and the flank tumors were resected at 24 days post-
tumor injection. Fresh tumors were pooled by experimental arm and immediately dissociated
into single cell suspensions using a gentle MACS tissue dissociator (Miltenyi Biotech). Cell
suspensions were stained using murine CD3, CD4, CD8, CD45, and Live-Dead zombie aqua
antibodies. Stained single cell suspensions were analyzed using the LSRII (BD) flow cytometric

analyzer. Quantitative data analysis was performed using FCS Express 6 (De Novo Software).

Mouse Transcriptome and Genomic Analysis

For RNA-seq analysis, FASTQ files were aligned against the mm10 assembly by STAR. Gene
level count values were then computed by the summarizeOverlaps function from the R package
"Genomic Alignments"” with mm10 KnownGene as the base gene model. The Union counting
mode was used and only mapped paired reads were considered. Differential gene expression
analysis was conducted using the R package "DESeq2". For pathway analysis, differentially
expressed genes were used as input to the R package "ClusterProfiler”. For genomic mutational
analysis, mutational variants were called as detailed above. The tumor mutational allele
frequency (MAF) was calculated for every SNV/Indel in a sample and represents the post-
filtering fraction of reads carrying that mutation. Kernel density estimate plots of specified
mutations were generated using the seaborn statistical data visualization platform for Python.

Purity corrections were performed using ESTIMATE, a validated NGS-based RNA-sequencing



tool (24) to infer the relative amount of stromal and immune contamination in each sample.
Sequencing data for MAF analyses represent a mean a coverage of 650x resolution. Threshold
for MAF frequencies were set to greater than .04, to remove sequencing artifact of low variant
calls, and to less than .75, to remove germline/drift mutations of from the reference C57BL/6

genome (corresponding to greater than 3 out of 4 alleles given the tetraploidy of the cells line).

Pan-Cancer TCGA MSI Analysis

The cytolytic activity of the immune infiltrate (CYT score) was defined based on the transcript
levels of two key cytolytic effectors, namely GZMA (granzyme A) and PRF1 (perforin), which
are upregulated upon CD8+ T cell activation (25). For this, RNASeqV2 data were obtained from
the Broad’s Institute Firehose (01/28/2016). Following [https://gdac.broadinstitute.org], we took,
per tumor, the geometric mean of the expression in transcripts (‘scaled estimate’ values in the
expression data, representing TPM as calculated by RSEM) in the two genes specified above
(Table S1).

MSlsensor

The BAM (*.bam) files for each tumor of the TCGA cohort (1/28/2016) across 24 cancer types
were downloaded from the Broad’s Institute GDC Data Portal (https://portal.gdc.cancer.gov).
MSI Sensor (26) was subsequently run for each one of the 24 cancer types with the authors’
specified default values, within an SGE parallel environment (Table S2). A given tumor was
deemed be MSI-HIGH if its corresponding score was greater than a threshold of 3.5, as specified
in the original publication. This threshold was found to be independent of the tissue of origin, as
previously reported (27). MSI-LOW and MSS tumors were not found to be phenotypically

different by the authors of this manuscript, in accordance with previous reports (27, 28)



Patient clinical sequencing analysis.

Genetic whole exome sequencing BAM (*.bam) files were analyzed from a published cohort of
anti-PD-1 treated patients with MMR deficient and proficient tumors (29). Clinical data was
retrieved from the original publication and updated with most recent clinical data since time of
original publication (Table S3). MSlsensor score was calculated from the tumor/normal .bam
files using the published available tool (version 0.2) (26). MSlsensor scores were compared
between MMR proficient and deficient tumors as determined by clinical testing using the
student’s t-test.

For MSK-IMPACT clinical data, patient data was previously reported. The clinical endpoint
used for analysis was overall survival, defined as the length of time from treatment start to time
to event (survival or censor). Following institutional review board approval, institutional
pharmacy records were used to identify patients who received at least one dose of immune
checkpoint blockade and then cross-referenced with patients who had MSK-IMPACT testing
done in the context of routine clinical care and were clinically designated MSI-H by
conventional PCR or IHC criteria. Details of tissue processing and next generation sequencing
and analysis have been previously described. For the analyses presented in this study, we
obtained next-generation sequencing data and associated clinical data available on the

cBioportal.

Statistical analysis
All groups represent data expressed as means £ SEM unless otherwise specified. Analyzed
pooled samples represent absolute values. Tumor volumes were compared between two

treatment groups at each time point using unpaired Student’s t-tests with Holm Sidak correction



for testing at multiple timepoints. T cell infiltration and TAF distributions were analyzed as
indicated using 1-way ANOVA with multiple testing correction using Dunnett’s test for
comparisons to a single control group or Tukey’s test for pairwise comparisons as indicated in
figure legends. Fisher’s exact test was used for the comparison of two proportions (i.e. percent
microsatellite unstable sites, SNV/indel proportions, SNV/indel editing) as specified in
respective figure legends. The mean delta (from post to pre-therapy) MAFs between isotype
control vs. anti-PD-1 treatment for each respective line was analyzed using one-way ANOVA
with Holm Sidak correction for testing two cell lines as indicated in the figure legend. Unpaired
two-tailed Mann Whitney U test was performed for the cytolytic score that has a skewed
distribution, and unpaired t tests for MSI sensor score. Pearson’s correlation was used to
characterize the correlation between MSI sensor score with indels and SNVs. Kaplan Meier
curves were used to visualize overall survival (OS) and log rank test was performed to compare
the overall survival (OS) of MSI-High and MSI-intermediate patients. Cox regression analysis
was conducted to assess the impact of high MSI sensor score on OS, and multivariable Cox
model was used to evaluate its effect adjusting for the potential confounding factors of histology
and TMB. Consideration for statistical significance was such that p<.05. All statistical tests were

two-sided and performed using GraphPad Prism and R software using the survival package.
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Fig. S1.

Validation of CRISPR-Cas9 Msh2 gene knockout in B1610 mouse melanoma cell line. (a)
Western immunoblot depicting actin control and wild type MSH2 protein (99kDa) and protein
level knockout in the Msh2 gene knockout cell line. (b) Integrated genomics viewer (IGV) plots
depicting wild type Msh2 in between the guide RNAs in the unedited wild type Msh2 parental
line and the Msh2 CRISPR knockout line confirming bi-allelic gene knockout in the edited line.
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Fig. S2.

Validation of CRISPR-Cas9 Msh2 gene knockout in CT26 colon carcinoma cell line. (a)
Western immunoblot depicting actin control and wild type MSH2 protein (99kDa) and protein
level knockout in the Msh2 gene knockout cell line. (b) Integrated genomics viewer (IGV) plots
depicting wild type Msh2 in between the guide RNAs in the unedited wild type Msh2 parental
line and the Msh2 CRISPR knockout line confirming bi-allelic gene knockout in the edited line.
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Fig. S3.

Mutational evolution following anti-PD-1-therapy in MSI-H tumor cells. In vitro mutational
generation in MMR-deficient tumor cells. Illustrative schematic depicting subcloning strategy
and in vitro mutational generation after serial passaging in MMR-deficient tumors cells.
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Data processing and variant discovery. Graphical illustration of approach utilized for data
processing and variant discovery applied to whole exome sequencing data to determine
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Fig. S5.

Similar baseline tumor Kinetics in parental and MSI-Intermediate and MSI-High B16F10
cell line derivatives. In vivo tumor growth Kinetics in isotype control antibody treated parental,
MSI-Intermediate, and MSI-High tumor-bearing mice over a 24-day period (p=ns at day 24;
Means = SEM analyzed at end therapy by one-way ANOVA with Tukey’s correction for
multiple comparisons) (n=8-12 mice per treatment group).
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Fig. S6.

Efficient and similar baseline tumor Kinetics in parental, MSI-Intermediate, and MSI-High
CT26 cell line derivatives in athymic nude mice. In vivo tumor growth kinetics in untreated
parental, MSI-Intermediate, and MSI-High tumor-bearing mice over a 24-day period. (p=ns at
day 15; Means £ SEM analyzed at end therapy by one-way ANOVA with Tukey’s correction for
multiple comparisons) (n=5 mice per treatment group).
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Fig. S7.

Representative flow cytometric gating strategy for mouse tumor infiltrating lymphocytes
(TILs). Cells are pre-gated on singlets/intact cells. Zombie aqua live-dead stain used to gate live
cells, T-cells gated on CD3*CD45" population, CD8" and CD4" T-cell populations (n= 6-8
pooled tumor samples per experimental arm).
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Transcriptome analysis of B16F10 mouse MSI-H tumors. Unsupervised hierarchal clustering
of differentially expressed genes between (A) MSI-high anti-PD-1-treated vs. MSI-high isotype
control-treated tumors and (B) MSI-high anti-PD-1-treated vs. parental anti-PD-1 treated tumors,
demonstrating enrichment of immune related pathways in concordance with a more activated

immune microenvironment.
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Transcriptomic immune subpopulation analysis of B16F10 mouse MSI-H tumors.
Hierarchical clustering of CIBERSORT and CYT cell populations between MSI-H-anti-PD1-
treated and MSI-H-isotype control-treated mouse B16F10 tumors, revealing globally higher
expression levels of immune infiltration in MSI-H-anti-PD1-treated tumors as compared to
isotype control-treated tumors.

17



2500

8
” .
b= =1
£ &
o
5]
o
@
o (=1
« o |
- w
34 -
=
w
£
S =
= =)
= e
=
o
g

§ u

o

MSI-H Tumor MsI-H Tumor MSI-H Tumor MSI-H Tumor
Control-Treated Control-Treated Anti-PD-1-Treated Anti-PD-1-Treated
Replicate 1 Replicate 2 Replicate 1 Replicate 2

Fig. S10.

PD-L1 expression levels in B16F10 mouse MSI-H tumors. RNA-seq based DESeq2-
normalized read counts of PD-L1 gene expression in MSI-H isotype control tumors vs. MSI-H
anti-PD-1-treated tumors.
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Fig. S11.

Editing of missense and indel mutations in MSI-H anti-PD-1-treated tumors. (A) Violin
plots depicting the purity-corrected frequency distribution of change (A) in mutational allelic
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frequency (maf) between the post-and pre-therapy samples of missense (non-synonymous SNVs)
and indel mutations in B16F10 parental and MSI-H tumors. p values for the comparisons in the

delta means between indicated groups as shown (isotype control vs. anti-PD-1 treatment for each
respective line), one-way ANOVA with Holm Sidak correction for the two comparisons on each
respective panel.
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Fig. S12.

Immunoediting of Predicted Neoantigen in MSI-H tumors. Reduction in predicted 8-mer, 9-
mer, 10-mer, and 11-mer neoantigen loads (missense and indel-derived neoantigens) in post-
therapy isotype control/anti-PD-1-treated parental and MSI-H tumors (p values as indicated,
Fisher’s exact test for proportions of lost/gained of mutations after PD-1 blockade between
indicated groups).
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Mutational evolution following anti-PD-1-therapy in MSI-H tumor cells. Illustrative
schematic depicting mutational sub-compartmental comparative analyses following whole

exome sequencing of MSI-H cells pre- and post-anti-PD-1 therapy.
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35

Transcriptomic immune subpopulation analysis of TCGA MSI-H and MSI-L samples.
CIBERSORT cell populations with significantly higher (FDR p < 0.05) levels of infiltrate in
TCGA MSI-high samples compared to MSI-low samples. p values are calculated from one-sided

Mann-Whitney test and FDR-corrected using the Benjamini-Hochberg method.

22



Indels

All MSI+Patients
50

40 .

=0.67
p<0.0001

Indel Count

MSI Sensor
Score

Missense Mutations

All MSH-Patients

Missense Mutations

MSI Sensor
Score

Fig. S15.

Indel and missense mutations in MSl-intermediate and MSI-high patient cohorts.
Correlations between MSI sensor scores and indel/missense mutations in MMR-d human
patients treated with checkpoint blockade. Indel and missense counts stratified by the MSI-
intermediate and MSI-high subgroups of MMR-d patients treated with checkpoint blockade
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demonstrating a greater enrichment of indel mutations over missense mutations in the MSI-high

subgroup compared to the MSI-intermediate subgroup (p values as indicated, unpaired t-test).
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Table S1 (separate supplemental file)
Pan-Cancer CYT Scores from TCGA data.

Table S2 (separate supplemental file)
Pan-Cancer MSlsensor Scores from TCGA data.
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Subject ID WHO/RECIST MSI Status MSI Senor

Response Rate Score

1-011 PR MSI+ 0.71

1-004 PD MSI+ 12.25
1-001 SD MSI+ 21.39
1-006 PD MSI+ 4.41

1-009 SD MSI+ 15.48
1-019 PR MSI+ 14.77
1-008 PR MSI+ 17.23
1-015 CR MSI+ 19.19
1-016 CR MSI+ 33.52

Table S3

Updated Clinical Data in JHU Cohort (WHO/RECIST Response Rate).

MSI-Intermediate n (%0) MSI—Hig_]h n (%)

Gender

Female 4 (57) 9 (35)

Male 3 (43) 17 (65)
Cancer Type

Colorectal 4 (57) 23 (88)

Esophagogastric 3 (42) 3(12)
Drug Class

CTLAA4 targeted 1(14) 0 (0)

PD-1/PD-L1 targeted 5(71) 25 (96)

Combination of above 1(14) 1(4)
Age

<30 0(0) 2(8)

31-50 2 (29) 4 (15)

51-60 2 (29) 5(19)

61-70 2 (29) 10 (38)

>71 1(14) 5(19)

Table S4

Patient Clinical Demographics (MSKCC Cohort).

25



Univariate Multivariable Analysis
Analysis
HR P value HR 95% CI P value

MSI Level
MSI-intermediate ref
MSI-high 0.15 0.01 0.18 0.03-0.96 0.04
Normalized 0.41 0.29 0.51 0.08-3.03 0.46
Mutation Count
(TMB) > Median
Cancer Type
Colorectal ref
Esophago-gastric 454 0.05 2.15 0.36-12.76 0.39

Table S5

Multivariable Analysis for Overall Survival Data.
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Table S6

Multivariable analyses utilizing multiple TMB thresholds.

HR P value
MSI-high 0.06 0.014
TMBtop20% 0.17 0.155
HR P value
MSI-high 0.138 0.014
TMBtop40% 0.96 0.434
HR P value
MSI-high 0.13 0.012
TMBtop50% 0.40 0.963
HR P value
MSI-high 0.135 0.014
TMBtop60% 0.54 0.434
HR P value
MSI-high 0.15 0.016
TMBtop80% 0.56 0.466
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